Introduction
Computational prediction of the structures of ligandprotein complexes from the conformations of the unbound ligand and protein molecules, usually referred to as the docking problem, is an exciting subject of longstanding interest in theoretical studies of molecular recognition [l-13] . Docking is now an important component of protein-structure-based drug design [13, 14] , which has been particularly effective in the search for HIV-1 protease inhibitors [15, 16] . More than one hundred crystal structures of HIV-l protease complexes have been solved. This structural information is a resource that can be used for the testing and refinement of molecular recognition models and docking techniques. number of possible alternative solutions increases dramatically. Hence, an accurate molecular recognition model must be sufhciently sensitive to distinguish between these modes. In addition, the flaps that enclose the bound ligand constrain the HIV-l protease active site and cause the alternative binding modes to be separated by large energy barriers, so that it may be hard for a search algorithm to cross the energy barriers to find the global minimum. docking studies must be simple enough to permit its rapid evaluation and, more importantly, the resulting energy landscape must be smooth enough to allow the search to proceed efficiently without becoming trapped in local minima [17] . 
Results and discussion
To verify the ability of the molecular recognition model to reproduce crystal structures, and to optimize the parameters in the search procedure, the classic case of docking MTX into the folate-binding region of DHFR was studied [21] . S even rotatable bonds were considered for the MTX molecule ( Fig. la) . As a quantitative measure of docking performance, we use the percent of docking simulations that identify the conformation of the bound ligand within 1.5 A root-mean-square (rms) deviation from the crystallographically observed conformation. Given this criterion, the binding mode seen in the crystal structure was observed 91 times out of 100 runs. In the remaining nine structures the pteridine ring is inverted relative to the crystal structure, consistent with the binding mode of the natural substrate [21] .The nearly linear correlation between the rms deviation from the crystal structure and the energy of the docked structure shows that for this system the molecular recognition model is sufficiently accurate to distinguish between alternative binding modes (Fig. 2a) .
Docking the potent nonpeptidic inhibitor AG-1343 (Fig.  lb) into the active site of HIV-l protease is a considerably more challenging problem.The HIV-l protease active site is relatively large and has a number of specific binding pockets. The symmetry-related and energetically similar binding modes make the search for the crystallographically observed binding mode difficult. In principle, a complete solution of the docking problem implies a flexible protein molecule as well as a flexible ligand. HIV-l protease, however, undergoes a significant conformational change upon ligand binding that involves backbone rearrangements of up to 7 A [15, 16] . Therefore, we study docking of the flexible ligand into the rigid protease held in its bound conformation.
Previous computational attempts to insert a ligand into the binding site of HIV-l protease have failed because of insurmountable barriers to penetration of the active site [4] . In our study, the repulsive term of the energy function is linearly increased throughout the docking simulation.The ligand is thereby allowed to penetrate into the protein core during the initial stages of the docking simulation when the population consists mostly of random orientations, enabling the evolutionary search to explore a variety of possible solutions that would otherwise be forbidden by the presence of high energy barriers. Eventually, in later stages of the evolution, scaling of the potential energy function narrows the search to only a few energetically favorable binding modes that serve, in effect, to 'funnel' the search into the global minimum represented by the ligand's crystallographic conformation. This method is analogous to temperature scaling in Monte Carlo optimization (see, for example, [2, 4, 6] ), in that it employs a combination of evolutionary search and simulated annealing. Optimizing the energy parameters, such as the 'softness' of the energy function repulsion, may further facilitate conformational search both by promoting escape from local minima and by destabilizing alternative solutions [ 171.
The crystal structure of the AG-1343 complex (K. Appelt, unpublished data) was reproduced within the 1.5 A rms tolerance 34 times from 100 simulations (Fig.  2b) . The success rate of these simulations is remarkable given the large number of freely rotating bonds located in the center of the AG-1343 molecule and the nature of the HIV-l protease binding site. Assuming only a 0.2 A resolution for positional variables and 3.6" for angles, the nine conformational angles and six positional and orientational variables in AG-1343 would constitute a search space of -1030 possible solutions. During the simulation, however, the system explores a continuous space of positions and angles. The search of this enormous space during the flexible docking ofAG-1343 was achieved within eight minutes of cpu time on a single Silicon Graphics R4400 workstation.
For one of the successful docking simulations (Fig. 3) , the final predicted structure ofAG-1343 has only 0.4 A rms deviation from the crystal structure. This conformation was not present as a member of the initial population, and the solution is not merely fortuitous (Fig. 4) . The interaction energies for structures near the crystallographic orientation are lower than the energies of structures docked in incorrect orientations (Fig. 2b) . The solutions with large (near 8.0 A) rms deviations from the crystal structure yet with relatively low interaction energy (see the upper left corner of Fig. 2b ) are symmetry-related to the crystal structure. As expected for such solutions, their energy is nearly degenerate with the crystal solution. Nevertheless, the energy function correctly ranks their energy as higher than that of the crystal structure.
We found that the crystallographic conformation represents the global minimum of the energy landscape and that the energy decreases gradually in the neighborhood of the crystallographic binding mode (Fig. 2) . Because of these properties, the performance of structure prediction can be increased by iterating the simulation. Given that the probability of successfully docking AG-1343 into HIV-l protease with our method is p = 0.34, the crystallographic structure can be found after N simulations with probability l-(l-p)N.Therefore, if one chooses the lowest energy conformer from eight simulations, the probability that it is the crystal structure is increased to greater than 0.95.
The results of this study are encouraging and suggest that the molecular recognition model introduced in this work may have general applicability to other ligand-protein systems. We are currently studying a more diverse set of ligand-protein complexes to determine the limits of the model for structure prediction. 
Significance

Materials and methods
Molecular recognition model
As a minimal requirement, the energy function used for docking must account for hydrophilic and hydrophobic surface complementarity [5, 7] . In our molecular recognition model,
we include steric and hydrogen-bond contributions calculated from a piecewise linear potential (Fig. 5) Table 2 .
steric interaction ( 
Evolutionary programming
In the course of the evolutionary process (Fig. 6) , a population of candidate ligand conformations competes for survival.
The energy of each member in the population is compared with a fixed number of randomly selected opponents. A win is assigned to the member with the lower energy, and the number of competitions a member wins is used to determine whether it survives into the next generation [19] . All surviving members produce offspring by Gaussian mutation so as to maintain a constant population size. The best member of the final generation is minimized using a conjugate gradient algorithm [28] .
In the population of ligand conformations, each member is represented by an encoded vector composed of its six rigid body coordinates and the dihedral angles about its rotatable bonds. The initial ligand conformations are generated by randomizing the encoded vector, given that the center of mass of each ligand conformation must lie anywhere within the rectangular parallelepiped that defines the active site. Rigid rotation and rotatable dihedral angles are uniformly randomized between 0 and 360 degrees.
We have tuned the parameters of the search procedure by systematically varying the population size, the number of competitors in the stochastic competition, and the initial value of the standard deviation of the Gaussian mutation used to generate offspring. For each sampled value of these parameters, 100
docking simulations of MTX into DHFR were performed.
This system was chosen for the tuning studies because it is a canonical yet non-trivial test case with seven rotatable bonds and several distinct local minima.
A mathematical analysis of simple evolutionary algorithms [29] gives a logarithmic dependence between the energy and the population size, a result that was observed in our experiments (Fig. 7a) Based on tuning (Fig. 7c) , an initial mutation size of 0.4 A for positional degrees of freedom and 0.4 radians for rotational degrees of freedom is optimal.
